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A model of electroweak-scale right-handed neutrino (EWve ) model was constructed live years 
ago in which the right-handed neutrinos are members of mirror fermion weak doublets and where 
the Majorana masses of the right-handed neutrinos are found to be naturally of the order of the 
electroweak scale. These features facilitate their searches at the LHC through signals such as like- 
sign dilepton events. This model contains, in addition to the mirror quarks and leptons, extra 
scalars transforming as weak triplets. In this paper, we study the constraints imposed on these 
additional particles by the electroweak precision parameters S, T, and U. These constraints are 
crucial in determining the viability of the electroweak vr model and the allowed parameter space 
needed for a detailed phenomenology of the model. 



I. INTRODUCTION 

Two of the most pressing problems in particle physics 
are, without any doubt, the nature of the spontaneous 
breaking of the electroweak symmetry and the nature 
of neutrino masses and mixings. It goes without saying 
that the discovery of a Higgs-like particle with a mass 
of 126 GcV at the LHC goes a long way in the attempt 
to answer to the first question although much remains 
to be determined if the 126 GeV object is truly a ++ 
particle predicted by the Standard Model (SM) or it is 
something else beyond the Standard Model. As to the 
second question concerning neutrino masses, the general 
consensus is that the discovery of neutrino oscillations 
is best explained by neutrinos having a mass- albeit a 
very tiny one. One might say that this is the first sign of 
Physics Beyond the Standard Model since neutrinos are 
massless in the SM. There has also been important ad- 
vances in measuring mixing angles in the PMNS matrix 
of the neutrino sector. In particular, the angle $13 was 
found by the Daya Bay experiment pQ to be quite large, a 
number which was subsequently confirmed by the RENO 
experiment [2]. 

In spite of these successes, we still do not know whether 
the neutrinos are of the Dirac type or of the Majorana 
type. In either case, the simplest approach is to add 
right-handed neutrinos which are definitely particles be- 
yond the SM spectrum. What is the nature of these 
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right-handed neutrinos? The standard assumption is one 
in which they are SM singlets: the so-called sterile neu- 
trinos. For this singlet assumption to become a physi- 
cal reality, one should be able to test it in order to ei- 
ther prove or disprove it. Presently, there is no evidence 
for these sterile neutrinos. Furthermore, since nothing is 
known about the possible existence and associated prop- 
erties of right-handed neutrinos, it is prudent to enter- 
tain other logical possibilities. Why should right-handed 
neutrinos be sterile? Would the assumption of SM-non 
singlet right-handed neutrinos be also reasonable? Could 
one test it? This latter assumption is one that was pro- 
posed by one of us in formulating the EWz^r model [4 
to which we will come back below. 

The most elegant mechanism for generating tiny neu- 
trino masses is the quintessential seesaw mechanism in 
which a large lepton-number-violating Majorana mass, 
Mr, typically of the order of some Grand Unified The- 
ory mass scale, was given to the SM-singlet right-handed 
neutrino and a Dirac mass, mu <C Mr, was assumed 
to come form the electroweak sector, giving rise to a 
mass ~ m 2 D /MR <C vnr> which could be of the order 
of 0(< eV) [5]. How does one test this version of seesaw 
mechanism? One could either look for the right-handed 
neutrinos and/or search for lepton-number-violating pro- 
cesses. It is however practically impossible to directly 
"detect" the SM-singlet right-handed neutrino unless ex- 
treme fine-tuning is carried out to make the right-handed 
neutrinos much lighter than the GUT scale [3] . The most 
common way to test the seesaw mechanism is to look for 
signals where a lepton-number violating process such as 
the neutrino-less double beta decay is present. However, 
such a process is extremely hard to detect and so far one 
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has not had much luck with it. 

In a generic seesaw scenario, one has two scales: Mr ~ 
Mgut ~ 10 16 GeV and m D cx A EW ~ 246 GeV. Out of 
those two scales, only A E w 1S observable while Mqut is 
a hypothetical scale that may or may not exist. With- 
out fine-tuning, the fate of the SM-singlet (sterile) right- 
handed neutrinos is linked to that of this hypothetical 
scale. 

The question that was asked in [3] was as follows: Is 
it possible to naturally make the Majorana mass of the 
right-handed neutrinos of the order of the electroweak 
scale? The answer is yes. One only needs to extend the 
SM in the fermion and scalar sectors. The gauge group is 
still SU(3)c x SI/ (2) x U(l)y, where the usual subscript 
L for SU(2) is absent for reasons to be explained below. 
If M R ~ A EW and because of m 2 D /M R , one would need 
mjj ~ O(fceV) in order to have neutrino masses of the 
order of eV or less. This then requires the introduction 
of a hypothetical scale, ms, which, in contrast to Mgut, 
is of O(kcV). This scale may be related to the physics of 
dark matter [6]. This is the model of electroweak-scale 
right-handed neutrinos presented in [||. As one will see 
in the brief review of this model, this necessitates the 
introduction of mirror fermion doublets of the SM gauge 
group, of which the right-handed neutrinos are members. 
The right-handed neutrinos in the model of [3] acquire a 
Majorana mass naturally of 0(A E w)- Furthermore, they 
belong to weak doublets and couple to W's and Z and 
have electroweak production cross sections at colliders 
such as the LHC. Some of the signals are described briefly 
in [4]. In addition, the EWvr model contains one Higgs 
doublet and two Higgs triplets, one of which contains a 
doubly-charged scalar. Some of the phenomenology of 
this sector of the model was explored in [TJ. We shall 
come back to the implication of this scalar sector on the 
126 GeV object in a separate paper. 

The model of @] contains "mirror " quarks and lep- 
tons which are accessible at the LHC. The phenomenol- 
ogy of these fermions will be presented in [S]. Since, for 
every SM left-handed doublet, one has a right-handed 
doublet (and similarly for the SM right-handed singlets) , 
the number of chiral doublets has increased by a factor of 
two. This raises the obvious question of potential prob- 
lems with electroweak precision data through the S, T 
and U parameters. In particular, even if one artificially 
makes the top and bottom members of these mirror dou- 
blets degenerate, one is faced with a large contribution 
to the S parameter. (In fact, this was a big problem 



with Technicolor models i9..) These large contributions 
from the extra chiral doublets would have to be offset by 
contributions from other sectors with the opposite sign 
in such a way that the sum falls within the experimen- 
tal constraints. It was mentioned in [J] that such extra 
contributions can be found in the scalar sector, in partic- 
ular the Higgs triplet sector where its contribution can be 
negative enough to offset the positive contribution from 
the mirror fermions to S. It is the purpose of the present 
manuscript to examine in detail the contributions of the 
mirror fermions and the extended Higgs sectors to the 
electroweak precision parameters. As we shall see below, 
the KWvr model fits nicely with the electroweak preci- 
sion constraints which, in turn, put limits on the mass 
splittings within the multiplets of mirror fermions and 
the Higgs multiplets and so on. 

Finally, one should notice that there are aspects of the 
SM which are intrinsically non-perturbative such as the 
electroweak phase transition. The most common frame- 
work to study non-perturbative phenomena is through 
lattice regularization. It is known that one cannot put a 
chiral gauge theory such as the SM on the lattice without 
violating gauge invariance. However, a gauge-invariant 
formulation of the SM on the lattice is possible if one 
introduces mirror fermions [10] • Is it possible that the 
mirror fermions of the EWi^r model play such a role? 

We end the Introduction by quoting part of a sentence 
in the famous paper about parity violation by Lee and 
Yang [IT] : "If such asymmetry is indeed found, the ques- 
tion could still be raised whether there could not exist 
corresponding elementary particles exhibiting opposite 
asymmetry such that in the broader sense there will still 
be over-all right- left symmetry." [4] is, in some sense, a 
response to this famous quote. 

The plan of the manuscript will be as follows. First, we 
summarize the essential elements of the EWz^r model of 
[1]. Second, we present calculations of the electroweak 
precision parameters in the EWi/jj model. Third, we 
discuss the implications coming from the constraints on 
the electroweak precision parameters on the various mass 
splittings and parameters of the mirror sector as well as 
of the extended Higgs sector. We conclude with some 
remarks concerning the 126 GeV boson. 

II. THE EWu R MODEL 

[4] asked the following two questions: 1) Could one 
obtain the right-handed neutrino Majorana mass strictly 
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within the SM gauge group SU(3) C ® SU{2) L ® J7(l)y 
by just extending its particle content?; 2) If it is possible 
to do so, what would be the constraints on the Dirac 
mass scale? The answer to the first question lies in the 
construction of the "EWvr model [3]- 

In a generic seesaw scenario, vrs are SM singlets and, 
as a result, a right-handed neutrino mass term of the 
form Mr VrPiVr is also a singlet of the SM. As a result, 
Mr can take on any value and is usually assumed to be 
of the order of some GUT scale if the SM is embedded in 
a GUT group such as SO(10). To constrain Mr, one has 
to endow the right-handed neutrinos with some quantum 
numbers. For example, if vr belongs to a 16 of SOiVS) it 
is natural for Mr to be of the order of the 50(10) break- 
ing scale. Another example is the left-right symmetric 
extension of the SM [T2] where vr belongs to a doublet of 
SU(2) r. The aforementioned Majorana mass term would 
still be a singlet under SU(2)l but it is no longer so under 
SU(2) R . It is then natural that M R ~ M R > M^, where 
M R i are the breaking scales of SU{2)r and SU(2)l re- 
spectively. In all of these scenarios, the value of the Dirac 
mass mo in m 2 D /MR usually comes from the breaking 
of the SM SU(2)l and is naturally proportional to the 
electroweak breaking scale. The smallness of neutrino 
masses gives rise, without fine-tuning, to an "energy gap" 
m D ~ 0(A EW ) — ► Mr ~ 0{M GUT ) or 0(M R ). With- 
out fine-tuning, the large value of Mr ~ 0{Mgut) would 
make it practically impossible to detect the SM-singlet 
right-handed neutrinos at machines such as the LHC and 
to directly test the seesaw mechanism. However, in the L- 
R model, the production of vr can proceed first through 
the production of Wr as first shown in [13] . The feasibil- 
ity of such a process was discussed in [14 . (Other mech- 
anisms proposed to make the SM-singlet right-handed 
neutrinos accessible at the LHC through SM W are dis- 
cussed in [15] although it might be very difficult to do so 
due to the size of the Dirac Yukawa coupling.) 

It is clear as presented in [3] that one of the natural and 
minimal ways (in terms of the gauge group) to test the 
seesaw mechanism and to detect the right-handed neu- 
trinos at colliders such as the LHC is to make the right- 
handed neutrinos non singlets under the SM SU(2)j, for 
two reasons. The first reason has to do with the mass 
scale Mr. If vr's are non-singlets under SU (2) l then Mr 
necessarily comes from the breaking of SU(2) l and there- 
fore would naturally be of the order of the electroweak 
scale. Energetically-speaking, it could be directly de- 
tected at the LHC S4. The second reason has to do 



with the possible detection of vr's themselves. Being 
SU(2) L non-singlets, they can couple to the SM elec- 
troweak gauge bosons and the production cross sections 
would be naturally of the order of the electroweak cross 
sections [3]- 

The simplest way to make j^r's SU(2)l non-singlets is 
to group them into SU(2)l right-handed doublets with 
the right-handed charged partners which are new charged 
leptons with opposite chirality to the SM charged lep- 
tons. Anomaly freedom would necessitate the introduc- 
tion of SU(2)l doublets of right-handed quarks. These 
new right-handed quarks and leptons are called mirror 
fermions in [J]. The right-handed quarks and charged 
leptons are accompanied by their left-handed partners 
which are SU(2)l singlets, a complete mirror image of 
the SM fermions, so mass terms can be formed by cou- 
pling to the Higgs doublet. The SU (2) j, x t/(l)y fermion 
content of the EWvr model of 'M is given, for each family, 
as follows. 

• SU(2) l lepton doublets: 



SM : l L = [ VL ] ; Mirror : 1% = ' Vr 



M 



(1) 



for the SM left-handed lepton doublet and for the 
right-handed mirror lepton doublet respectively. 



• SU(2) l lepton singlets: 

SM : e R ; Mirror : 



(2) 



for the right-handed SM lepton singlet and left- 
handed mirror lepton singlet respectively. 

Similarly, for the quarks, we have 

• SU(2)l quark doublets: 



SM : q L = 



UL 



Mirror : = ^ (3) 



for the SM left-handed quark doublet and for the 
right-handed mirror quark doublet respectively. 



SU(2)l quark singlets: 



SM :u R ,d R ] Mirror : u L ' , dj* 



(4) 



for the right-handed SM quark singlets and left- 
handed mirror quark singlets respectively. 
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Apart from chiralities, the SU(2)l x U(1)y quantum 
numbers of the mirror fermions are identical to those of 
the SM fermions. A remark is in order at this point. 
What we refer to as mirror fermions are the particles 
listed above and they are not to be confused with parti- 
cles in the literature which have similar names but which 
are entirely of a different kind. As the above listing 
shows, the mirror quarks and leptons are particles which 
are different from the SM ones. It is for this reason that 
a superscript M was used in [4] and here in order to 
avoid possible confusion. These chiral mirror fermions 
will necessarily contribute to the precision electroweak 
parameters and potentially could create disagreements 
unless contributions from other sectors are taken into ac- 
count. This will be the main focus of the next sections. 

As with the SM leptons, the interaction of mirror lep- 
tons with the SU(2) L x U(l)y gauge bosons are found 
in the terms 



-M j 



J/ 



(5) 



where the covariant derivatives are the same as the 
ones used for the SM leptons and are listed explicitly in 
the Appendix [Cj The gauge interactions of the mirror 
quarks can similarly be found. 

We next review the salient point of the EWvr model 
of [1]: The electroweak seesaw mechanism. For the sake 
of clarity, we repeat here the arguments given in [4]. 
As discussed in (3J, a Majorana mass term of the type 
Mr (i2 vr necessarily breaks the electroweak gauge 



group. The reason is as follows. The bilinear Ir' T <x 2 l R J 
contains Vr 02 Vr and transforms under SU(2)i x U(l)y 
as (1+3, Y/2 = —1). For obvious reasons, the Higgs field 
which couples to this bilinear cannot be an SU(2)l sin- 
glet with the quantum number (l,Y/2 = +1) since this 
singlet charged scalar cannot develop a VEV. This leaves 
the triplet Higgs field x — (3, Y/2 = +1) as a suitable 
scalar which can couple to the aforementioned bilinear 
and whose neutral component can develop a VEV: 



J_ ^+ 



X= V=2 T - X 



V2 



X X 



Y L_ 

X V2 X 



(6) 



The Yukawa coupling of the bilinear to this Higgs field 
was given in [4] and is written down again here 



C M = g M (Ir ct 2 ) (l T 2 x) l R 



, t It m + 1 m,t 

= 9m(Vr ct 2 vr X - ~^ V R a 2 e R X - ~^ e R °2VRX 

+ e R °-2e R x ), (7) 



From Eq. ^ , one notices the Yukawa term gM Vr 02 ^rX° 
which upon having 



(X°> 



vm 



gives rise to the right-handed Majorana mass 



Mr, 



gn vm ■ 



(8) 



(9) 



As it has been stressed in [4], Mr is naturally of the 
order of the electroweak scale if vm ~ O(Kew) and is 
constrained to be larger than Mz/2 ~ A6GeV because 
of the constraint coming from the width of the Z boson 
(no more than three light neutrinos) . A triplet Higgs field 
with such a large vacuum expectation value will destroy 
the "custodial symmetry" value p = 1 at tree level. A 
nice remedy for this problem was given in [4] and will be 
reviewed below. 

A Dirac mass term of the type vi,vr comes from IjJ-r 
which is 1 + 3 under SU{2)l. One can choose either an 
SU(2) L x U(l)y singlet scalar (j> s or a SU(2) L triplet 
with Y = 0. Since the light neutrino mass of the see- 
saw mechanism is m 2 D /MR and Mr ~ O(Aew), one ex- 
pects mu < O(l0 5 eV) which would imply that either 
choice of the aforementioned scalars would have a VEV 
of O(10 5 eV). A SU(2) L triplet with Y = with a VEV 
that small is phenomenologically ruled out [16j. This 
leaves the singlet cj>s as the obvious choice and that was 
the one used in [3]. As in [3], the interaction with the 
singlet scalar is given as 



C s = gsi h 0s Ir + H.c. 

= gsi (v l vr + e L Cr) (f>s + H.c 



With 



v s ■ 



the neutrino Dirac mass is given by 



n 



gsi vs 



(10) 



(ii) 



(12) 



If gsi ~ 0(1), this implies that v s ~ O(10 5 eV). 

Eq.0 gives a Majorana mass to the right-handed neu- 
trinos but one could easily have from gauge invariance 
a term such as gL (f£ 02) (it-i x) II which would yield a 
large Majorana mass for the left-handed neutrinos unless 
fine-tuning is carried out. 

As discussed in [4], in order to guarantee that left- 
handed neutrinos have vanishing Majorana masses at tree 
level, a "mirror global symmetry" U(1)m was imposed: 



(^,ef)^e^(^,ef),x^e 



iBufiM .M\ 



(13) 
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for the mirror leptons and triplet and singlet scalars and representation: 



(<?. 



M M jM 
R > ">L ) 



(14) 



for the mirror quarks. In [4], it was mentioned that the 
left-handed neutrinos can acquire a Majorana mass at 
one-loop of the type M L = A ^f^r l n > where A 
is the 4>S quartic coupling. This is smaller than the light 
neutrino mass by at least two orders of magnitude and 
can be neglected. 

Beside preventing the left-handed neutrinos from ac- 
quiring a large tree-level Majorana mass, this U{1)m 
symmetry also prevents terms such as (IlQr , urUl and 
djid^ 1 . Therefore, as stressed in [3], any bilinear mixing 
between SM fermions and mirror fermions will have to 
couple with the singlet scalar 0s in order to be U(1)m- 
invariant at tree level, namely <Il4>s<Ir, ur4>sUj* and 
dfi(f>sd^. Because of these mixings between the two 
sectors, the mass eigenstates are not pure left-handed 
SM quarks or right-handed mirror quarks. This was dis- 
cussed in [ 4 j. However, the deviation from the "pure" 
states, i.e. for example ul = ul + 0(vs/ Aew) u r' c , is 
proportional to vs/Aew ~ 10 -6 and, for most practical 
purposes, one can neglect this mixing. 

To finish up with the review of the EW^r model, we 
review the triplet scalar sector of [4]. Let us recall that 
the p-parameter for arbitrary Higgs multiplets is given 
by P = (Ejr(T + 1) - Ti] i vfc T<Y )/(2 £\ T*v*), where 
ct,y — 1 for complex multiplet and ct,y — 1/2 for real 
multiplet [IT]. If one just has the triplet \ ancl noth- 
ing else, one would obtain p — 1/2 in contradiction with 
the fact that experimentally p w 1. Pure Higgs doublets 
would give naturally p — 1. A mixture with one triplet 
and one doublet would give p w 1 if the VEV of the 
triplet, vm, is much less than that of the doublet, v%, i.e. 
dj,/ <C V2- But this is not what we want since we would 
like to have vm and «2 of O(Aew)- To preserve the 
custodial symmetry with a Higgs triplet, another triplet 
Higgs scalar £ = (3, Y/2 = 0) is needed in addition to 
the aforementioned x(3,Y/2 = 1) and the usual doublet 
<f> — (2, Y/2 = —1/2). The potential for these three scalar 
multiplets and its minimization is given in the Appendix. 
This potential possesses a global SU(2)l x SU(2)r sym- 
metry under which the two triplets are combined into the 
following (3,3) representation [T51 [T5] : 

/ 



X = 



X 

x~ 



e 
r 



(15) 



$ = 



(16) 



Proper vacuum alignment so that SU(2)l x U(1)y 
U(l) em gives 



(x) = 



and 



V M 

v M 

V M 



v 2 /V2 
V2/V2 



(17) 



(18) 



This breaks the global SU(2) L x SU(2) R down to the 
custodial SU(2) D . One obtains M w = gv/2 and M z = 
Mw/cos9w, with v = \fv\ + 8 v M sa 246 GeV and, at 
tree level, p = Mw/Mz cos 8w = 1 as desired. 

After spontaneous breaking of SU(2) L x U(l)y, beside 
the three Nambu-Goldstone bosons which are absorbed 
by W and Z, there are nine physical scalars which are 
grouped into 5 + 3 + 1 of the custodial SU{2) D . (In 
fact there are two singlets of SU{2)r>.) These states are 
discussed in the next section and in the Appendix FBI 



III. OBLIQUE PARAMETERS 

As we have mentioned in the introduction, the contri- 
butions to the S parameter coming from the extra mirror 
fermions will be positive and will exceed the constraints 
imposed by electroweak precision data. These contri- 
butions will have to be cancelled by those coming from 
another sector such as the triplet Higgs present in the 
EWvr model. This has been suggested in [4]. In this 
section, we carry out a detailed calculation of the elec- 
troweak precision parameters, the so-called oblique pa- 
rameters, within the framework of the EWj/r model. 

In Appendix FBI we summarize the discussion of the 



minimization of the scalar potential given by Eq. ( B3 1 



Similarly, (f> and <j) — iT2<p* can be grouped into a (2, 2) 



In what follows, we list the expressions for the physical 
states and for the Nambu-Goldstone bosons in terms of 
the original scalar fields. 

Physical observables like the oblique parameters are 
to be expressed using the masses of physical scalars. To 
express these physical states we use the subsidiary fields 



G 



f.0 — 



VM + 



+ Or + ^ Oi ), 



2 

± i t± 



(19) 



(± )- (20 > 



for the complex neutral and charged fields respectively. 
With these fields the Nambu-Goldstone bosons are given 
by 



G 



+ s H ip , 



G° 3 = i(-c H 



SHX 



(21) 



The scalar potential in Eq. ( B3 ) preserves the custodial 



SU(2)d. Hence, the physical scalars can be grouped, as 
stated in the previous section, based on their transfor- 
mation properties under SU(2)]j as follows: 



hve-plet (quintet) — > H, 

triplet -> H$; 
two singlets H°, 



(22) 



where 



H° 5 



X 



++ 



- Ht = C + , H+ = c H yj+ - s H <t>+, 



v/6 



0r 1 , (23) 



(Ht + y, h 5 



with iJrf 

and i?3 = — (H^)*. The oblique parameters, the Feyn- 
man rules and the loop diagrams will be expressed in 
terms of these physical scalar hve-plet, triplet, two scalars 
and their masses, m H ±±,±,o, m H ±,o, m^, to^j respec- 
tively. We will also use 

2V2 V M 



SH 



CH 



V2 
V 



(24) 



The effects of vacuum polarization diagrams (oblique 
corrections) on the electroweak-interaction observables 
can be described by three finite parameters S, T and 
U , known as the Oblique Parameters. Using these pa- 
rameters one could probe the effects of new Physics on 
the electroweak interactions at the one-loop level, if the 
new Physics scale is much larger as compared to Mz 
[2"UH2"2"] . Hence, these parameters can be defined using 
perturbative expansion as [20] : 



a5^4e 2 [H^(0)-H^(0)], 



aT = 



„2 2 M 2 
b W c W lvl Z 



[nii(o)-n 33 (o)], 



aC/^4e 2 [n' 11 (0)-n 33 (0)], 



(25) 



where sw = sin 8w , cw = cos 6w are the functions 
of the weak-mixing angle By/, Tin and H33 are the 
vacuum polarizations of the isospin currents and I± 3 q 
the vacuum polarization of one isospin and one elec- 
tromagnetic current. The n' functions are defined as 
II'(O) = (fl(g 2 ) - n(0)) /q 2 in general, and we will be 



using q 



M 



z- 



These parameters can be expressed in terms of the self- 
energies of the W, Z and 7 bosons and the Zj mixing 
[20] . For the purpose of the EWi/r model the constraints 
on the new Physics in EWz^r model from S, T, U can be 
obtained by subtracting the the Standard Model (SM) 
contributions to S, T, U from the corresponding total 
contributions due to the EW^r model. Hence, the new 
Physics contributions to the S, T, U due to EW^jj model 
are denoted by S, T, U respectively (following notation 
used in |23j ) and they can be expressed as 
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4s 2 r 2 



S 



Mf 



n zz (Af|) 



n Z7 (Ml)-n 77 (Ml) 



c 2 s 2 



n Zl {M 2 ) - n 77 (Mf) 



(26) 



aT 



nu(o)-n 33 (o) 



nu(o)-n 33 (o) 



SM 



(27) 



a 
4^ 



U 



UwwiM 2 ,) ^ n zz (Af|; 



Mf 



n Z7 (A/|) ^ 2 n 77 (M|) 



EWi/j) 



U Zl (M 2 ) 2 n 77 (M|) 

ZSy/CW s w~ 



SM 



M 2 



Mf 



(28) 



where all quantities with a hat on top ( ) i.e. swi cw, 
a = <? 2 s™,/(47r) are defined in the MS scheme evaluated 
at Mz [21]. Hereafter, in this article the hats on top of 
these and other quantities are omitted, but implied. The 
notation II (q 2 ) = U(q 2 ) — 11(0) [2D] and the superscript 
EW^jj denotes the contribution due to EW^r model. We 
can see that S is associated with the difference between 
the Z self-energy at q 2 = M\ and q 2 — 0. T is propor- 
tional to the difference between W and Z self-energies 
at q 2 = 0. Henceforth in the this paper our emphasis 
will be on the S and T parameters. The steps in the 
derivations of the new Physics contributions to S and T 
are provided in the Appendix [D] The new Physics con- 



tributions to S, T from the scalar sector in ~ESNvr model 
(denoted by S sca i ar , T sca i ar respectively) and the contri- 
butions from the mirror fermion sector in EW^r model 
(denoted by S 'fermion, f fermion respectively) are calcu- 
lated separately and then added to obtain the total new 
Physics contributions in EW^r model, contributions S, 
T. Note that the scalar sector contributions and mirror 
fermion sector contributions in EW^jj model are sepa- 
rately finite. Thus, 

S S sca [ ar -\- S J ermion (*^) 
T T sca [ ar -\- Tf ermion • (*^) 

The contribution to S by the new Physics due to the 
scalar sector of the EWi^r model is given by 



q _ qEWv R _ qSM 

'-'scalar — D scalar ^scalar 



M 2 z tt \ 3 H 



B 22 (M 2 Z ; Ml,m 2 m ) - M 2 Z B (M 2 ; M 2 Z , m 2 ) 



2 s 



H 



B 22 (M 2 ;M 2 ,m 2 H+ ) 



M 2 , B (M§ ■ Aff , m 2 H + ) \ + c 2 H [ B 22 {M 2 ; M 2 , m 2 Hi ) - M 2 B (M 2 ; M 2 , m 2 Hl ) ] 

4 



B 22 (M z ; M z , m H , ) — M z B (M Z ; M z , m H , ) + - c 2 H B 22 (M 2 ; mU , mU ) 

1 1 .i 5 3 



2 c 2 H B 22 (Aff; , m 2 + ) + B 22 (M| ; mL ,m 2 Hl ) + -c 2 H B 22 (M§; , ) 

5 3 d O 3 1 

±B 22 (Mhm 2 H++ ,m 2 H++ )- B 22 (M z ;m 2 H+ ,m 2 H+ ) - B 22 (M z ;m 2 H+ ,m 2 H+ ) 



B 22 (M Z ; M 2 Zl m 2 H ) - M z B (M 2 ;M 2 , m 2 H 



(31) 



where 



B 22 {q ;m 1 ,m 2 ) =B 22 (q ; m 1 , m 2 ) - B 22 {0; m X) m 2 



S ((? ;m 1 ,m 2 ) =B {) {q ; m 1; m 2 ) - B o (0; m 1; m 2 ) 



where 



(32) 



(33) 



The functions -B22 and i?o are as defined in [24] . The 
definitions in terms of two point integrals are given in 
Appendix |Aj In dimensional regularization they can be 
evaluated using 



B 22 (q 2 ;m 2 ,m 2 ) 



1 



(A + l) 



2,29 

ml +m 2 - — 



B (q 2 ;m(,m 2 2 



dx X ln(X — ie), 



= A - / dx ln{X - ie), 




(34) 
(35) 



X = mji + m 2 (l — 2) — <7 2 x(f — a;), 



A = 



4-d 



4- Zn(47r) — 7 



(36) 
(37) 



in g? space-time dimensions and 7 = 0.5772f6... is the 
Euler's constant [25]. Thus, these individual loop inte- 
gral functions do have divergences in their definitions, 
but when all the contributing diagrams are added, the 
divergences cancel as expected resulting in finite S sca i a r- 
Similar cancellations ensure the finitcness of each term 



on the right hand sides of eqns. (29), (30). Notice that 



B 22 (q 2 ;m 2 ,ml) = B 22 (q 2 ;ml,ml) 
B {q 2 ;ml,ml) = B (q 2 ;ml,ml). (38) 



The new Physics contribution to T due to the scalar 
sector in EW^ model is given by 
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T,, 



_ rpEWl^R _ rpSM 



scalar — ± scalar 1 scalar 



i7TS 2 1 M 2 | \Hm 2 H ++,m 2 Ht ) + ^F(m 2 H +,m 2 H o) + ^T(m 2 H +,m 2 H o) + ^-F(m 2 H + + ,m 2 H +) 



.2 



+ ^-T(m 2 H + , m|o ) + ^F{m 2 H o , ) - ^ J"(m^+ , m^+ ) - ^ J"(m^o , m^o ) 



3 
2 



3 



4 
2 



J"(m^ + , m 2 Hl ) - J(mlo , m 2 Hi ) 



+ M^s^BoiO; M^,m 2 H? J + M 2 v s A H B (0;M^,m 2 H+ ) - M^s 2 H B (0;M^,m 2 H++ ) L 



(39) 



where 



and 



2™2 



F(m x ,m 2 ) = 



m\ + m 2 m|m; 



2 In 



irr. 



if mi 7^ m 2 , 
= if mi = m,2 . 



Note that 



(40) 



T(mi,m 2 ) = T(m 2 ,m(), T(m 2 ,m 2 ) = 0. (41) 

The corresponding new Physics contributions to S and 
T due to the lepton sector in EWi/r model are given as 



C _qEWVR _ qSM 

^lepton — D lepton °lepton 



rp _ rpEWlSR _ rpSM 

1 lepton — 1 lepton -'-lepton 



(Nc)lept on 

8ws?xrC 2 



(43) 



respectively. Here, because we have subtracted the con- 
tribution from three generations of SM leptons, the sum- 
mation is over three generations of mirror leptons only. 
Subscripts in and ei represent right-handed neutrino 
{ v Ri) and mirror electron (ef 1 ) member of i th mirror lep- 
ton generation respectively. (Nc) lepton = 1 is the lepton 
color factor and Y[ epton = — 1 is hypcrcharge for mirror 
leptons. x w i > e i = (m V i t e i/Mz) 2 , where m„^ e j are masses 
of Vju and ef 1 respectively. And, 



{N C )lept O 

Gtt 



E ~ 2Y i 



lepton •kvi 



- i -4 _^|^ + 3j Xel - Yi epton In 



3 ^lepton \ Y[ e pi on 

2 t~ Xei ?~ 



G(Xei) 



(42) 



G(x) = —4 \/4x — 1 arctan 



1 



, X X +X 2 XlX 2 . 

F{xx,x 2 ) = In 

2 xi - x 2 \x 2 

if xi 7^ x 2 
= 0, if X\ = x 2 



Xl 



(44) 



(45) 



Similarly, the new Physics contributions to S and T 
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due to the quarks in EWcjj model are given by, 

rf _qEWv R _ qSM 

Yquark — D qU ark D quark 



(Nc) 



quark 



()7T 



£ 2 4 



j=i 



X 



quark 



+ 3 )x, 



... i X quark „\ , J 

- i -4 \~0 j Xdi — Yquark ITl I — 



3 _|_ y- \ , Yquark 

~ "T "quark I ^ui ~r ~ 



r„., 



quark 



G(x u i) 



G(x d i 



(46) 



J-mmrk — 1 quar l~ ~ 1 - 



SM 



(Nc)quark \- „, v 



(47) 



Once again, because we have subtracted the contri- 
bution from three generations of SM quarks, the sum- 
mation is over three generations of mirror quarks only. 
Subscripts ui and di represent mirror up- (uf 1 ) and mir- 
ror down- (df 1 ) member of i th mirror-quark generation 
respectively. {Nc) qU ark = 3 is the quark color factor 
and Y quar k = — 1/3 is hypercharge for mirror quarks. 
x U i, di = di/M z ) 2 , where m ui , di are masses of uf 1 



and df respectively. Refer to Appendix D 2 for the mir- 



ror fermion loop diagrams contributing to S and T. 



sectors and plot the scatter points of the EW^r model 
in the T-S plane endowed with the la and 2a ellipses 
coming from experiment. It is shown below that the 
model is well consistent with precision electroweak data. 
Fourth, as an example (and simply as an example), we 
fix the values of some of the scalar masses and present 
a 3-dimensional plot of S sca i ar versus the mass splittings 
among members of the quintet and among members of 
the triplet. 



A. Unconstrained S and T parameters for the 
mirror fermion and scalar sectors 



The S and T parameters as shown in Section III de- 
pend on a number of parameters such as the masses of 
the scalars as well as the mixing parameter sin 6h as de- 
fined in Section [Till For simplicity, we allow for the scalar 
masses to go from Mz to 650 GeV and for sin## to go 
from 0.1 to 0.89 as discussed in [7] (we stretch the lower 
value to 0.1 for numerical purpose). The scatter plots are 
generated with about 10,000 points. We first show these 
plots as they are before discussing their implications. The 
electroweak precision constraints which we will be using 
are given as S = -0.02 ± 0.14; f = 0.06 ± 0.14 [21] for 
SM Higgs mass of 126 GeV. 

We will present the plots as follows: 

• Scatter plot of T versus S for the scalar sector with- 
out the 1 and 2 a experimental contours (FIG. [T]); 



IV. NUMERICAL RESULTS 



In this section we will study numerically the results 
presented in Section [lTT| and is organized as follows. First, 
we present unconstrained scatter plots for the S and T 
parameters coming from the mirror fermion sector and 
from the scalar sector. These scatter plots are given in 
the T-S plane for the scalar and mirror fermion sectors 
separately. The main desire is to observe possible regions 
where the two sectors can cancel each other. Second, we 
generate the scatter plots for T and S for the scalar sec- 
tor as a function of the mass splittings among the scalars. 
In particular, we will notice below there is a "significant" 
region in the parameter space where S can be quite neg- 
ative if the mass splitting between the doubly-charged 
scalar with the other ones is large. Third, we combine two 




-0.6 -0.4 -0.2 0.2 0.4 0.6 



FIG. 1. T versus S for the scalar sector 
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• Scatter plot of T versus S for the mirror fermion 
sector without the 1 and 2 a experimental contours 
(FIG.§; 



1.5 — 




r F i i i i i i i i i i i i i i i i i i i i i i i i i i i i i FIG. 4. T versus S for the mirror fermion sector with the 1 

-1 -0.5 0.5 1 1.5 2 

g and 2 a experimental contours 



FIG. 2. T versus S for the mirror fermion sector 

• Scatter plot of T versus S for the scalar sector with 
the 1 and 2 a experimental contours (FIG. [3]); 




FIG. 3. T versus S for the scalar sector with the 1 and 2 a 
experimental contours 

• Scatter plot of T versus S for the mirror fermion 
sector with the 1 and 2 a experimental contours 
(FIG. [§ . 



Before showing the combined scalar and mirror fermion 
contributions to T and S, a few remarks are in order at 
this point. The plots FIG. [I] and FIG. [2] shows the re- 
gions in the T-S plane which are unconstrained by the 
electroweak precision data. Let us look at the S parame- 
ter. From FIG.[2j one can see that the contribution to S 
from the mirror fermion sector is almost always positive 
and can be quite large. This is to be expected since the 
addition of extra chiral doublets (the mirror fermions) 
always leads to such a phenomenon- a well-known fact. 
Cancellations from other contributions with the opposite 
sign will be needed in order to agree with the electroweak 
precision constraints. A look at FIG. [I] reveals that that 
the contribution to S coming from the scalar sector, in 
particular the Higgs triplet sectors, can be quite nega- 
tive allowing for such cancellation to occur. This has 
been anticipated in [3] but this is the first detailed calcu- 
lations of such a contribution to the electroweak precision 
parameters. 

To see a little more explicitly why the two sectors com- 
plement each other in such a way as to bring the EWz^r 
model to be in agreement with the electroweak precision 
data, let us take a look at FIG. [3] and FIG. |4j From 
FIG. [3) we can see that the la and 2a experimental con- 
tours are well inside the region generated by the scalars 
of the EWi/fl model. However, these contours are way 
outside the region generated by the mirror fermions of 
the model. Again, one notices the importance of the 
scalar sector in bringing the EWz/r into agreement with 
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the electroweak precision data. 



B. Constrained S and T parameters 

To compare the model with data, we, of course, con- 
sider the total sum of the two contributions, namely 
S = Ss + Smf and T — T$ + Tmf- This is shown below 
in a plot which also includes the 1 and 2 a experimental 
contours. 



0.6 



0.4 



0.2 



-0.6 



- 


+ 1 o constraint 
x 2 o constraint 


- 








+ WSH 

— + **^lfpMi 




i x x <$ 










I I I I I I I I I I I I I I I I I I I I I 

-0.2 0.2 0.4 0.6 0.8 



FIG. 6. S versus Smf for 5* and T satisfying la and 2a 
constraints of FIG. [5] 



0.5 = — 
0.4 ^- 
0.3 ^- 
0.2 ^- 

01 zr 

^- 
-0.1 ~— 
-0.2 ~— 
-0.3 ~— 
-0.4 — 




0.5 -0.4 -0.3 -0.2 -0.1 0.1 0.2 0.3 0.4 0.5 



FIG. 5. Total T versus S with the 1 and 2 a experimental 
contours 



In the plot below, we also show the constrained Tg 
versus Tmf- 



+ 1a constraint 
x 2o constraint 




One can now see from FIG.[5]that the sum of the scalar 
and mirror fermion contributions to T and S generates 
"data points" inside the 1 and 2 a experimental contours. 
It implies that there is a large region of parameter space 
where the EW^ model is consistent with electroweak 
precision constraints. One notices again the crucial role 
played by the triplet scalars. 

To understand better the "data points" in FIG. [5j we 
plot the constrained Ss versus Smf a s shown below. 



FIG. 7. T versus Tmf for S and f satisfying la and 2a 
constraints of FIG. [5] 

From FIG. [6] and FIG. [7J one can clearly see the can- 
cellation among the scalar and mirror fermion sectors in 
their contributions to T and S. At the 1 a level, one can 
see from FIG.[6]that the scalar contribution, §s , ranges 
roughly from to -0.3. 

The last constrained plot we would like to show in this 
section is the variation of S and T as a function of smOu ■ 
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- + 1 a constraint 

Z x 2 a constraint 

0.5 — 
0.4 — 




FIG. 8. S versus sin 9h for 5 and T satisfying la and 2a 
constraints of FIG. [5] 



+ 1 a constraint 
x 2 a constraint 




sin 9 H 



FIG. 9. f versus smdn for S and T satisfying la and 2a 
constraints of FIG. [5] 

From FIG. [8] and FIG. |9j we notice that the ¥?Nv R 
model agrees with electroweak precision data for the en- 
tire allowed range of sin 9h ■ 

The next question that one might wish to ask is how 
the above informations influence the masses and mass 
splittings in the scalar sector. In the next section, we 
will show some samples of three-dimensional plots of S$ 
versus the mass splittings in the quintet and triplet (i.e. 
H$ and H3). Some specific mass values are used in these 



plots for the purpose of illustration. An exhaustive study 
of a large range of masses is beyond the scope of this 
paper. 



C. Ss versus scalar mass splittings 

The experimental searches for the scalars presented in 
[H [7] will be guided partly by the mass splittings among 
the scalars. These, in turn, are dictated by the elec- 
troweak precision constraints discussed above. In fact, 
the amount of mass splittings is constrained by e.g. the 
allowed range of Ss which, at 1 a level, ranges approx- 
imately from to -0.3. We will present a few of these 
plots and will comment on their implications. 



• Plots: The 3-D plots shown below will be for two 
definite values of sin 9h, namely 0.1 and 0.89, in 
order to illustrate also the dependance of Sg on 
sinf5# . As mentioned above, an exhaustive analysis 
for arbitrary scalar masses is beyond the scope of 
this paper. As a consequence, we will fix the values 
of ran 1 1 m H' 1 m H° i m H? an d tti h ++ and will vary 
m H + and m H + (two of the three axes in the plots) . 




m _i_ m _i_ 

FIG. 10. Ss versus Y = — - 1 and X = — ^- - 1 for 
sin9 H = 0.1 and m Hl = 600 GeV 
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FIG. 11. S s versus Y = - 1 and X = - 1 for FIG. 13. S s versus Y = - 1 and I e - 1 for 

sin 6 H = 0.1 and m Hl = 600 GeV sin 9 H = 0.89 and m Hl = 600 GeV 



Remarks: 



■■ 1 00 GeV; m H = 600 GeV; sin 8 H = 0.89 
■■ 126 GeV; m =100 GeV; m = 200 GeV 




FIG. 12. Ss versus Y = - 1 and X 

sm9 H = 0.89 and m Hl = 600 GeV 



1 for 



In the above figures, two arbitrary values are 
chosen (for the purpose of illustration) for 
the two scalars Hi and H 1 , namely rriH 1 = 
600 GeV and = 100 GeV. The reasons 

for these two particular- albeit arbitrary- val- 
ues will be given below. 

The value of 126 GeV was set for in the 
plots also for illustrative purpose. In the next 
section, we will discuss what the most recent 
LHC result on the spin-parity of the 126 GeV 
"object" implies on the minimal EWVr model 
and what extension is needed in the scalar sec- 
tor. 

A look at FIG. [10]- FIG.UJreveals the follow- 
ing pattern. Ss becomes more negative as the 
mass of the doubly-charged scalar, , goes 
from 200 GeV to 500 GeV. It also becomes 
more negative as one increases sinffjy from 0.1 
to 0.89. 



For sm6 H = 0.1 (FIG. |10| and FIG. |ll] , 

we notice that Ss decreases, becoming more 
negative, when and H® AND, separately, 
and H® become more and more degener- 
ate. This features persists until Ss reaches its 
lowest value where it stays "stable" along the 



"line" 



1 



m H + 
3 



1. This implies that 
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Ss reaches its most negative value when the 
mass splittings among H^s and among H^s 
are similar. 

— For sitiOh = 0.89, Ss decreases, becoming 
more negative, when ifg and H® become more 
and more degenerate while becomes heav- 
ier and heavier compared with H® . This is in 
marked contrast with the sin(9# = 0.1 case. 

— If one restricts oneself to the 1 a constraint, 
namely S s ~ 0.0 to - 0.3, then FIGs. [ToJ [ll 
and [12] seem to be favored. 

The above observations are very useful in the search 
for signals of the EWj^r model, in particular its 
scalar sector in light of recent results from the LHC. 
We shall discuss this aspect in the next section deal- 
ing with experimental implications. 

V. SOME EXPERIMENTAL IMPLICATIONS 

As we have seen in the above discussions, the EWvu 
model contains a large region of parameter space which 
agrees with the electroweak precision data and thus has 
passed the first (indirect) test. The next test would be 
direct observations of the signatures coming from the 
new particles of the model: The mirror quarks and lep- 
tons and the scalars. Some of such signatures have been 
suggested in [4] such as like-sign dileptons as a sign of 
lepton number violation coming from the decay of the 
Majorana right-handed neutrinos. As mentioned in [3], 
this would be the high-energy equivalent of neutrino-less 
double beta decay. This signal and those of other mir- 
ror quarks and leptons will be presented in a separate 
publication. 

The scalar sector of the EW^ model has been studied 
in some details in [7]. In light of the new LHC results, it 
is timely to update the status of this sector. In particular, 
the question that one may ask is the following: What are 
the implications of the above analysis on the masses of 
the scalars and their couplings to fcrmions? Several of 
these issues will be presented in a follow-up paper on the 
126 GeV scalar but it is important to set the foundation 
for that paper here. 

In terms of the minimal EW^r model discussed in this 
manuscript, one is most interested at this point in the 
neutral scalars given in Eq. [23] Furthermore, the 126- 
GeV object appears to be consistent, in terms produc- 
tion and decays, with the SM Higgs boson which is a 



+ particle |3B]. Although recent data on the spin-parity 
[2"T] seemed to disfavor the 126-GeV object as a 0~ par- 
ticle and is more consistent with the + interpretation, 
it did not completely rule out the _ possibility. In con- 
sequence, we will keep an open mind. As seen in Eq. |23| 
there are four neutral states: , iJg, H® and Hf. Since 
the triplet scalars x an d £ do not couple to SM and mir- 
ror quarks while the doublet </> does, one can see from 



Eq. 23 that only H® and could be candidates for the 
126 GeV object. However, a close look at the production 
cross section reveals that, parity aside, only H® fits the 
bill. We summarize here some of the details which will 
be given in full in [28 . 

The dominant production mechanism for the afore- 
mentioned scalars is through gluon fusion. As a result, 
one should know the couplings of H® and H® to the SM 
and mirror quarks. For H®, the coupling to SM and 
mirror quarks is given generically as ga°qq — ~ % 2mwcH 
where q represents SM and mirror quarks and ch is an 
abbreviation for cos 6h- This is greater than the SM 
coupling by the factor 1 / cos 9h- Furthermore, the gluon- 
fusion cross section is now proportional the square of the 
number of heavy quarks, namely (7) 2 = 49 where we 
count the top quark and the six mirror quarks. As a re- 
sult, <Jewv r ~ 49<tsm- This is evidently not acceptable. 
As a consequence, to be consistent with the LHC data, 
H® will have to be heavier than ~ 600Gey. 

We are left with H®. From [55], one can 
find its coupling to the SM and mirror quarks 



as follows: g H o 



1m\ 



tan ^75, g H o 



„ tan6> ff 75, g H o u M U K 



m uM g 
2m w 



tan 6 H 75, 



9n°d M d M — +» r "l^"w tan ^ff 75- Notice that the pseudo 
scalar iJg contains the imaginary part of <fi° which cou- 
ples to the up and down quarks with opposite signs. This 
fact reflects in the above sign differences in the couplings. 
The amplitude for the gluon fusion production of H® in- 
volves a triangle loop denoted by I which depends on 
r q = m 2 q /m H0 (q stands for any of the quarks). I — > 1 
when r q 3> 1 and I —> when r g < 1. It is well-known 
from the behavior of I that the gluon fusion production 
of the SM Higgs boson is dominated by the top quark 
loop. In our case, in addition to the top quark, we have 
the mirror quarks which are assumed to be heavier than 
H® and hence r t , r q M ^> 1. However, H® is a pseudo 
scalar and, as we have seen above, the mirror up-quark 
loop cancels that of the mirror down-quark loop because 
both quarks are heavy so that r q M 3> 1 and because 
their couplings to H® have opposite signs. This means 
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that I u m + I d M — >• 0. As a consequence, again only the 
top quark loop "contributes". Details will be given in 
}28| . Here we just quote the result. Because of the afore- 
mentioned cancellation in the mirror quark sector, the 
production cross section for iJg is 



a H o = tan 6ho~h s 



(48) 



If we assume that the various branching ratios for the 
H® decays are comparable to those of the SM, one can 
see from Eq. 48 that a H o ~ °~H SM if tan 6g ~ 1 or 
sin6># ~ 0.707 which is well inside our allowed range 
as shown in FIG. [8j The only hitch is that the par- 
ity measurement seems to disfavor this interpretation at 
a 2 a — 3 a level but does not rule out completely the 
pseudo scalar interpretation. As a consequence, we will 
keep an open mind regarding this possibility. In [28] we 
also present a simple extension of the EWi/r model which 
can accommodate the SM-like + scalar as an interpre- 
tation of the 126 GeV object. 

Last but not least are the direct searches for mir- 
ror fermions. In [4], it was mentioned that one of the 
most tell-tale signs of the EWz/r is the production at the 
LHC and the decays of vr's which are Majorana par- 
ticles and are their own antiparticles through the sub- 



vr -> e 



M 



W+ + e 



M 



W+ 



process q + q — > vr 

e ~ + (Ps + W + + e~ + (f>s + W + , where e stands for a 
generic charged lepton. These like-sign dileptons events 
would be the high-energy equivalent of the low-energy 
neutrino less double beta decay as emphasized in jj. A 
detailed study of this and other processes involving mir- 
ror fermions is under investigation [8]. 

VI. CONCLUSION 

The assumption that right-handed neutrinos are non- 
singlets under SU(2) x U(l) as proposed in [4] is a very 
reasonable one which can be tested experimentally. The 
EWi/fi model preserves the gauge structure of the SM 
but enriches it with mirror fermions and Higgs triplets. 
The price paid might be considered to be minimal con- 
sidering the fact that the EWvjj of [3] links the nature 
of right-handed neutrinos -and hence the energy scale of 
its Majorana mass- to details of the electroweak symme- 
try breaking. In addition, these aspects can be tested 
experimentally. 

The first of such tests is the electroweak precision con- 
straints. We have shown in this paper how the EWvjj 
model fits rather well the constraints on the oblique pa- 



rameters S and T despite the presence of right-handed 
mirror quarks and leptons which by themselves alone 
would make a large positive contribution to the S pa- 
rameter. We have shown in details how the scalar sec- 
tor, in particular the Higgs triplet fields, dramatically 
avoids this potential disaster by making negative con- 
tributions which offset those of the mirror fermions and 
thus bringing the EWi^r model in full agreement with 
the electroweak precision data. We have shown also how 
mass splittings, in particular those of the scalar sector, 
affect the values of the oblique parameters such as S 
whose constraints in turn have interesting implications 
of those splittings themselves. This aspect would even- 
tually be very useful in the search for the scalars of the 
model. The mass splittings of the mirror fermion sector 
can be straightforwardly computed as a function of the 
mass splittings in the scalar sector. 

The next test of the model would be signatures and 
searches for the mirror quarks and leptons and for the 
additional scalars. Of immediate interest for the EWl>r 
(and for other BSM models as well) is the discovery of 
the SM-like boson with a mass of 126 GeV. This discov- 
ery puts a very strong constraint on any BSM model. 
What the EWur model has to say about this 126 GeV 
object has been briefly discussed above and will be pre- 
sented in detail in 28j. Basically, the minimal EWl>r 
model contains a pseudo-scalar, H® , which could in prin- 
ciple be a candidate whose production cross section can 
be comparable to that for a SM Higgs boson with the 
same mass with a choice of the angle 9h well within the 
allowed range discussed above. However, the spin-parity 
measurement [27] seemed to disfavor, but not completely 
ruling out, the interpretation of the 126 GeV object as a 
0~ particle while the SM-like + seems to be favored. 
Until more data come out to completely rule out the 
pseudo-scalar interpretation, we will keep an open mind 
however. Nevertheless, [281 presents a minimal extension 
of the EWi/r model where the presence of an additional 
+ state can act like a SM Higgs boson. Needless to say, 
one expects several scalars beyond the 126 GeV boson to 
be present in the model. A phenomenological study of 
the scalar sector of the EWj/r model has been performed 
[7j and it goes without saying that more studies of this 
sector are needed. The input from the electroweak pre- 
cision constraints will be valuable in a new study of this 
sector. 

One of the key points of the EWz^r model was the pro- 
duction and detection of electroweak-scale right-handed 
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neutrinos through lepton-number violating signals such 
as like-sign dilepton events at the LHC [3] which repre- 
sent the high-energy equivalent of the low-energy neu- 
trino less double-beta decay. One could imagine that, 
after taking care of the SM background, it would be a 
"much" easier process to detect. This signal and others 
related to searches for mirror quarks and leptons will be 
presented in |S]. 
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Appendix A: Loop Integrals and Functions 

Different contributions to the oblique parameters are 
expressed using loop integrals like A , B , B 22 , B\, B 2 . 
and functions like J 7 , G, etc. Therefore, it is very impor- 
tant to define all the loop integrals and functions we have 
used in the calculations of different loop diagrams before 
listing contributions from loop diagrams and details of 
the calculations of the oblique parameters. 

For calculation of oblique parameters we need the loop 
diagrams with two external vector bosons. These dia- 
grams have a general form 



n„ 



11a g^u + n B q^q v 



(Al) 



For the purpose of oblique parameters we only need the 
'g^' term in this equation. Hence, hereafter in this paper 
II M „ denotes only the first term on RHS above. 

Loop diagrams involving one or two internal scalars or 
one or two internal fermions appear in the calculation of 
one-loop vector boson self-energy diagrams and Zj- dia- 
grams. Following loop integrals appear in the calculation 
of loops with scalar particles [23] : 
One-point integral: 



d 4 k 



1 



(2tt) 4 (fc 2 - to 2 ) 16tt 



;A (m 2 ) 



(A2) 



Two-point integrals: 
d*k 1 



(2tt) 4 (k 2 - m 2 ){(k + q) 2 - to 2 ) 

i 



16tt ; 



B (q 2 ]ml,ml), 



(A3) 



/ 



d 4 k 



(2tt) 4 {k 2 - m{){{k + q) 2 - to 2 ) 



16-7T 



;g^B 22 (q 2 ;mj,ml) 



(A4) 



The expansion of LHS in equation (A4) also has term 



with q^Qv |24j . but this term is omitted as it does not 
contribute to the oblique parameters [20] . 

Following [24 a , in the dimensional regularization these 
integrals can be simplified to 



A (m 2 ) = to 2 (A + 1 - ln(m 2 )^j 

B Q (q 2 ;ml,ml) = A - / dx ln(X - ie) 
Jo 

B 22 {q 2 ;m 2 ,m 2 ) = -(A + 1)(to 2 + m 2 - 



(A5) 
(A6) 



where 



dx X ln(X - ie) 



X = m 2 x + m|(l — x) — g 2 x(l — x), 



A = 



4-d 



+ ln{Ai:) — 7. 



(A7) 

(A8) 
(A9) 



in d space-time dimensions with 7 = 0.577216..., the Eu- 



ler's constant [25] . The integrals in eqns. (A6|, (A7) can 



be calculated numerically up to desired accuracy. Note 
that these equations involve the logarithm of a dimen- 
sionful quantity, X and the scale of this logarithm is hid- 
den in the 2/(4 — d) term in A (refer to section 7.5 of 
[25] ). It is useful, especially in deriving T sca i ar in eqn. 



( 39 1 , to note that 



S o (0;to 2 ,to 2 ) 



A (m 2 ) ~A {m 2 ) 



(A10) 



'1 '"2 

AB 22 (0;ml,mj) = T[m\, m 2 2 ) + A (to 2 ) + A (ml), 



(All) 
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where 



ml + m 



9 9 

m\m 2 



In 







CD' 


i 



if mi ^ m 2 , 
= if mi = m 2 . 



(A12) 



Another function related to one above is also useful and 
is defined as 



F(xi,x 2 ) 



Xi + x 2 



x x x 2 ( Xi 
in — 



= 0, 



Xl - x 2 \x 2 
if xi ^ x 2 , 

if xi = x 2 , 



(A13) 



where Xi = m 2 jM\. This is related to the function ii 



eqn. (A12) by 



F(xi,x 2 ) = 



F(m\,m%) 



Mf 



(A14) 



While evaluating the fermion loops which contribute to 
the oblique parameters following two-point loop integrals 
are useful (refer section 21.3 of |25j): 



Bitf;ml,mt) 



<7x 



(A15) 



B 2 (q 2 -mlm 2 2 )= f cl XX (l- X ) te(^), (A16) 



where X is as defined in eqn. (A8). The logarithms in 
these integrals involve a mass scale M. All the terms, 
which depend on this scale cancel while evaluating the 
final expressions for oblique parameters. For mi = m 2 — 
m and q 2 = A/§, 



Bi(M 2 ; m 2 ,m 2 ) = -l-^+ln(^), 



(A17) 



B 2 (M 2 ;m 2 ,m 2 ) = — 



-G(x)(2x + l) 



- 12 x- 5 + 3 In 



where 



G(x) = -4 y/Ax - 1 Arctani -. 



(A18) 



(A19) 



the integrals, which appear in this calculation is 

' , i 2 it, \\ , f m 2 x + m 2 (\ — x) 
dx (mix + m 2 (l - x)) Iny— 

(m 2 - m\) + 2m\ ln( \ - 2 m\ ln( 
4(m 2 — m|) 



(A20) 



Using the loop integrals and functions defined and en- 
listed in this appendix we can derive the expressions for 
the oblique parameters, which are suitable for the numer- 
ical analysis. 



Appendix B: Gauge Couplings of Higgs' in EW^j? 
model 

In this appendix we derive the cubic and quartic cou- 
plings of the Higgs' in EWl>r model with the electroweak 
gauge bosons. We start with the scalar fields $ and \ 
in the EWi/r model, get the physical scalar states from 
a generic potential with a global SU(2)l x SU(2)r sym- 
metry, and which after spontaneous symmetry breaking 
preserves SU(2)d custodial symmetry. Then we derive 
the gauge couplings of the physical scalar states from the 
kinetic part of the scalar Lagrangian in EW^ model. 
We work in the 't Hooft Feynman gauge (gauge param- 
eter, £, g auge = 1) throughout the calculations in this ap- 
pendix and all the appendices, which follow. To calcu- 
late the new Physics contributions due to EWi/r model 
to the oblique parameters we also need the correspond- 



ing contributions from SM (refer to equations (26 27 
28 1). Therefore, in this section we also list the related 
SM couplings. 

Under the global SU(2) L x SU(2) R symmetry of the 
scalar potential the Y — 2 complex triplet and Y = 
real triplet in the EW^r model can be grouped in a (3, 3) 
representation as HHJ EH] : 

/ y° e x ++ 



X 



X 

x~ 



(Bl) 



X" 



Similarly, the Y = 1 complex scalar doublet <f> and phi 
ir 2 (j)* can be grouped into a (2, 2) representation as: 



$ = 



b°* <f>+ 

-A- AO 



(B2) 



While deriving T j 



fermion 



in eqn. (30) we need to evaluate with phase convention such that 



)*, X 



integrals in eqn. (A15) for q = and mi 7^ m 2 . One of (x ++ )*? X 



(x + r, t 



-(£+)*, e = (er- The 
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most general scalar potential for and \ that preserves 
global SU(2) L x SU(2) R is given by H5]: 

x ) = X 1 (Tr*t $ - vf) 2 + A 2 (Tr X ^x - 3t&) * 



A 3 ^Tr$ f $ - «2 + ^X f X ~ 3w 
A 4 ((Tr$ t $) (Tr X f x) 



+ A 5 (3 Tr X 



f xx f x 



(rrx T X 



(B3) 



where repeated indices a, & are summed over. Note that 
this potential is invariant under x ~~ ^ ~ X so that the 
cubic terms in the potential are eliminated. In order for 
this potential to be positive semidefinite the following 
conditions must be imposed: Ai + A 2 + 2 A3 > 0, A1A2 + 
AiA 3 + A 2 A 3 > 0, A 4 > 0, A 5 > 0. 

Proper vacuum alignment so that SU(2)l X U(l)y — > 
U(l) em , and the SU(2)n custodial symmetry is pre- 
served, gives: 



and 



(X> = 



v M 
v M 
v M 



V2/V2 
v 2 /V2 



(B4) 



(B5) 



At the minimum of the potential, this vacuum alignment 
breaks the global SU(2)l x SU(2)r down to the cus- 
todial SU(2)d- One obtains Mw = gv/2 and Mz = 
M w /cos6 w , with v = ^Jv\ + 8 v 2 M « 246 GeV and, 
at tree level, p = M w /M z cos 0w = 1 as desired (this 
confirms that SU(2)d custodial is preserved at the tree 
level) . 

After spontaneous breaking of SU {2) L x U(l)y, besides 
the three Nambu-Goldstone bosons which are absorbed 
by W and Z, there are nine physical scalars which are 
grouped into 5 + 3 + 1 (2 singlets) of the custodial 
SU(2)d- To give expressions for these physical states it 
is convenient to use the subsidiary fields [3 [18] : 



V2 



VM 



v 2 + ^ r + ixjP 



1 1 

72 



Or 



Oi 



U* 1 



(B6) 



e) (B7) 



for the complex neutral and charged fields respectively. 
We also define 



sh 



2^2 



VM 



CH 



V2 
V 



(B8) 



After diagonalization of the mass-squared matrix ob- 



tained from the terms in eq. ( B3 1 that are quadratic in the 



scalar fields, one obtains a triplet of Nambu-Goldstone 
bosons given as: 



Gf = ch^ 



G 



i 



CH 



/Oi 1 



SHX 



Oi 



(B9) 



One also obtains the physical scalars, which can be 
grouped, as stated before, based on their transformation 
properties under custodial SU (2) o as follows: 

five-plet (quintet) -> H^, Hf, H° 



5' 



where 



= X 



triplet ->Hf, H°; 
two singlets -> H®, H? 

H+=C + , H+ = c h tP+- Sh ^ 



(BIO) 



m = 



1 

7t 



2C°- V2x° r ), H° = i(c HX 0i + s H 4 
H» = -±=(y2 X 0r + ?) (Bll) 



and the phase conventions for $, x imply that H 5 = 



h: 



-my 



and Hi 



— (H$)*. Under the custodial SU(2)d symmetry at tree 
level the masses of physical scalars within a custodial 
multiplet are degenerate. Thus, the masses of the physi- 
cal scalars are given as: 



m H ±±:± '° 



m 2 H ±, 



ml = 3 (X 4 c 2 H + X 5 s 2 H ) 



Xa v 2 



(B12) 



The two singlets H® and H®' can mix according to the 
mass-squared matrix given as: 



M 



8c 2 H (Ai + A 3 ) 2V6s H c H A 3 
2V6shch A 3 is 2 H (A a + A 3 ) 



(B13) 



The oblique parameters, the Feynman rules and the loop 
diagrams are expressed in terms of the VEVs of the dou- 
blet and triplets, and the masses of the physical scalars- 

m H ±±,±,o, m H ±,a, mi, m^. 



20 



The gauge couplings of the physical scalars can be ob- 
tained from the kinetic part of the scalar Lagrangian in 
EWi/jj, model QH : 



(£ S *»~x)kin =\ Tr [(D^)\D^)] (B14) 

+ l -Tr[(D, X )HD, X )]+\d^s\ 2 

The notation {£s EWv R)kin IS used to denote the kinetic 
part (denoted by subscript 'kin') of the Higgs Lagrangian 
(denoted by subscript 'S' for Scalar) in EW^r model 
(denoted by 'EWvr in the subscript). Here, $ and \ are 
used in their 2x2 and 3x3 representations respectively, 



as given in equations (Bl B2); <f>s is the neutral SU(2) 



singlet scalar in KWvr model and 

£> M $ = d^+ l - ig(W^ • r)* - \ ig'QB^ ; (B15) 



D^ x = d»X + i.9(W p • t) x - ig'xB^h (B16) 

The Tij 2 and t, are the 2x2 and 3x3 representation 
matrices of the SU{2) generators respectively, following 
reference [2T)j . 

We work under the premise that the hierarchy in neu- 
trino masses in EW^r model comes from the VEV of <ps- 
Thus, vs ~ 10 5 eV and as a result the mixing between 
cj>s and other scalars in negligible. Hence, hereafter in 
the related calculations we neglect this mixing, unless 
otherwise is stated. After the spontaneous breaking of 
SU(2) L x U(l)y to U(1)em, expanding the Lagrangian 



in equation ( B14 1 , one can find the Feynman rules for the 
three point and four point interactions between physical 
scalars, Nambu-Goldstone bosons and electroweak gauge 
bosons W, Z and 7. For the corresponding SM Feynman 
rules it is useful to recall the kinetic part of the SM-Higgs 
Lagrangian: 

{C s su) Mn = \tt [(D^jt (£>„$)] (B17) 



The resulting Feynman rules in EWi^jj model and SM are 
listed in tables |llj |lH] and jlVf below. 
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TABLE I. S1S2V type couplings(V is a vector gauge boson and Si, S2 are Higgs/ Goldstone bosons), which contribute to 
Oblique Corrections. Common factor: ig(p — p') M i where p(p') is the incoming momentum of the Si (&)• 



9h°h~w+ 


■S3 
2 


9 h ++h--z 


(1-2«W-) 
2c w 


9h+h-~w+ 


1 


9h+h~z 


(1-2^) 
2c w 


9h°h~w+ 


1 

2 


9h+h~z 


_ 1 
2cw 


9h+h--w+ 




9h°h°z 


1 Cfi 


9h°h~w+ 


-\CH 


9g+g-z 


2c w 


9h°h-w+ 




9g°h°z 


1 »fl 


9g°g~w+ 


1 
2 


9g+h~z 


~2^ S H 


9 G $h--w+ 




9h«g° 3 z 


c w 


9g°h~w+ 


-\s H 


9h1>g%z 


12 «H 
V 3 c w 


9h<>g-w+ 




9h°h°z 


2c w 


9h1g^w+ 


\CH 


9h°'h°z 


/2 c H 
V 3 c w 


9h°'g-w+ 


\fi s n 




"% 


9h°h-w+ 


-\SH 


9h++h-- 7 


— 2sw 


9h°'h-w+ 




9h+h--, 


Sw 


9h+h-z 


(1-2^) 
2c w 


9g+g-j 


Sw 



TABLE II. SV1V2 type couplings(Vi and V 2 ' are vector gauge bosons and S is a Higgs boson), which contribute to Oblique 
Corrections. Common factor: igMwg^" 



9h°w+w- 


V3 


9h°zz 


2 s H 


9h++w~w- 


y/2s H 


9h+w-z 


_ JLH_ 
c\v 


9h1w+w- 
9h°'w+w- 


CH 


9h«zz 
9h°'zz 


C H 
c w 

2V2 s H 
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TABLE III. H1H2V1V2 type couplings, which contribute to Oblique Corrections. Common factor: ig 2 g^ v 



9h°h°w+w~ 


5 
3 


9h®h°zz 


2 1 

5 4. 


9h+ h~w+w- 


3 
2 


9h+h~zz 

5 5 


c 2 


9h^ + h^~w+w~ 


1 


9H i +H s~ zz 


(l-2s^) 2 


9h°h»w+w- 


~( c h + -§-) 


9h°h°zz 


(1+4) 


yn+H 3 w+w- 


\ 2 ' ) 


y HJH 3 ZZ 


[4 (1-4) 2 | J2 

L 2 4 ' " 4 J 


9g%g%w+w- 


(1+4) 
2 


9g\g%zz 


2c 2 I 1 1 


9g+g~w+w- 


I 2 + 


9g+g~ zz 


_ [ I r 2 H - 2s?,, 1 ) 2 + H 2 ,r(ri, + sf,4 


9h<Ih<Iw+w- 


1 

2 


9h1h^zz 


1 

^47 


9h°'h°'w+w- 


3 


9h°'h»'zz 




9h+h-~, 7 


— 2s^/ 


9h+h-z 7 


-^(1-2^) 






9H+ + H--Z-, 


4^(1-2^) 




~~ 2sw 


9h+h-z 7 


-^(1-2^) 




— 2s^/ 


9g+g 3 z-, 


-^(1-2^) 



TABLE IV. H1H2V1V2 type couplings, which do not contribute to Oblique Corrections. Common factor: ig 2 g >J 



9h°'h°w+w- 



9h+h~w+w- 



9h«g^w+w- 



9h+g~w+w- 



9h+g~w+w- 



V2 
3 



C H s H 
2 



— ChSh 



2 



_ 2s/2 

9H ( ,"H ( r 'ZZ 

1 5 ^ c w 



CH 







3 e H s H 



9h+G~ZZ ~2^~ 



9H+G-ZZ 



9h+h 5 Z-, 



Sh 
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Appendix C: Gauge Couplings of mirror fermions in 
EWvh model 

In this appendix we start with the fermion content 
of the EWi^jj model and derive the electroweak gauge 
couplings of these fermions from the Lagrangian. The 
SU(2) L x U(1)y fermion content of the EWvr model of 
[4] is given, for each family, as follows. 

SU (2) l lepton doublets: 



SM : l L = 




; Mirror : 1% = 




(CI) 



for the SM left-handed lepton doublet and for the right- 
handed mirror lepton doublet respectively. 
SU (2) l lepton singlets: 



SM : e_R ; Mirror : ef , 



(C2) 



for the right-handed SM lepton singlet and the left- 
handed mirror lepton singlet respectively. There are 
three SM lepton families and three mirror lepton fam- 
ilies. 

Similarly, for the quarks, we have 
SU (2) l quark doublets: 



SM:q L 




; Mirror : q R 



,M 



iM 
a R 



(C3) 



for the SM left-handed quark doublet and for the right- 
handed mirror quark doublet respectively. 
SU (2) l quark singlets: 



SM : u R , d R ; Mirror : , d 



(C4) 



for the right-handed SM quark singlets and the left- 
handed mirror quark singlets respectively. There are 
three SM quark families and three mirror quark families. 

The interaction of mirror leptons with the SU(2) l x 
U(1)y gauge bosons are found in the terms 



mm 



-M 



R ! e L 



M 
-L i 



(C5) 



where 



7 "(^ - 5 igiW, ■ r) + - ig'B^l 



M 
R ' 



(C6) 



The gauge interactions for mirror quarks can similarly be 
found. Thus, the Feynman rules for the gauge interac- 
tions for fermions (Sm fermions and mirror fermions) in 
the EWvj} model can be evaluated from 



F EW »R>znt 



)int = (^FSM) int + [C F M) i 



(C7) 



where (Cfsm), t comes from the fermion-sector in the 
Standard Model and (^F M )i n t includes interaction terms 
arising due to the mirror fermion-sector in EWz^r model. 
{Cpsu) int is well known to be [2"5] 



(C f sm) i 



V2 



+ 



c w 



f= Wj ,0 



+ e 



E 



Qf (firfLj+firfR^A, 



(C8) 

To write the mirror fermions part [C-F M )i n t remember 
that the W bosons couple only to SU{2) doublets of 
fermions. Thus only right-handed mirror fermions cou- 



ple to the W ± , as opposed to equation ( C8 ) , where only 
left-handed SM fermions interact with the W ± bosons. 
Similarly the three-point couplings of the right-handed 
mirror fermions with Z and 7 bosons at the tree-level are 
same as those for the left-handed SM fermions. Hence, 

(£F*0 mt > is g iven b y 



V2 



'fd% i +P i R >y»e% i )W+ 



-M i 



9 

cw 



fM- U M id M ^M iS M 



Tl 



M , 



Mr 



twQfxfZ'-ffL- 



fit— u M ,d M ,e M 

' E 

fM — U M d M e M 



z„ 



Q/«(7" l 7^ + 7f 4 7^)^ 



(C9) 



In equations (C8) and (C9) i,j — 1,2,3, where i de- 
notes fermions in the i th mirror-quark or mirror-lepton 
generation and similarly j denotes fermions in the j 
SM-quark or -lepton generation. Sums over i, j are im- 
plicit, when an index is contracted, {uf 1 and df 1 ) and 
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TABLE V. /i /2 V type couplings, which contribute to the Oblique Corrections. For each Feynman rule the charge conservation 
is implicit, ff ji and j^R are members of the same mirror fermion doublet with isospins - and — — respectively (ref. j4], [25] & 
[32]). Common factor for all couplings: ig"/^ 





1 


V2 


9 TafM z 






SwQf 


9fM f M z 


„2 




swQf 



(iij and dj) denote the (up- and the down-) members of a 
mirror-quark generation (subscripts i) and an SM quark 
generation (subscript j) respectively. Following a simi- 
lar notation {vm and ef 1 ) and (vLj and e/) denote (the 
neutrino and the 'electron') members of a mirror-lepton 
generation (for subscripts i) and an SM lepton generation 
(for subscript j) respectively. Thus, ui.2,3 =up, charm, 
top and ^1,2,3 =down, strange, bottom quarks in SM 
respectively. vli,L2,L3 =electron-, muon-, tau-ncutrino 
and 61^,3 =electron, muon, tau leptons in SM respec- 
tively. 

All the tree-level interactions calculated from equation 



( C9 ) can be tabulated in a compact form as given in ta- 



ble (fVj) . Corresponding SM interactions can be similarly 



calculated from equation ( C8 ) 



In this paper we will not consider the mixings between 
different quark and lepton generations or mirror-quarks 
and mirror-lepton generations. Thus, the CKM, PMNS 
matrices and also mirror-CKM and mirror-PMNS ma- 
trices are identity. Since we are looking at wide ranges 
of mirror fermions masses, which satisfy the experimen- 
tal constraints from the oblique parameters, slight devi- 
ations of mirror-CKM and mirror-PMNS matrices from 
identity matrix will only move individual points in the 
available paramter space, but will not affect significantly 
the total available parameter space (refer to the plots in 
section 
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Appendix D: Calculation of One Loop Contributions 
to Oblique Parameters in EWur model 

The one loop contributions to the oblique parameters 
in EWi/fl model can be calculated from the cubic and 



quartic couplings listed in Appendix [B] and [C] and us- 
ing the loop integral functions illustrated in Appendix 
|A") The SM loop diagrams contributing to S, T, U can 
be similarly obtained from the SM cubic and quartic cou- 



plings in equations (B17), (C8| and using loop integrals 



from Appendix [A] Hereafter, the focus of calculations 
will be on S and T parameters. The new Physics contri- 
butions to S from the scalar sector and mirror fermion 
sector in EWi/r model will be calculated separately and 
then added to find the total contribution S (eqn. (26)). 



Similary procedure will be followed to calculate T (eqn. 



(271). Thus, as in eqns. pfl|, (301 



S — S scalar "I" 
T ^scalar "F Tj 



ermion j 



ermion • 



Recall (eqn. (26)) that the contributions to S come from 
Z and 7 self-energies, mixing, each calculated up to 
one-loop level. To evaluate T using equation (27) the 
isospin current IIn and electromagnetic current H33 are 
used. The W and Z self-energies are related to these 
isospin currents by |20) . 



n 



WW 



n 



zz 



„2 2 
b W c W 



(IL33 - 2s 2 w U 3Q + s 4 w U QQ ) (Dl) 



Using these relations Tin can be obtained from the loop 
contributions to 11^ w listed in tables [VTl | VIII[ [FX] From 



equation (Dl) the one- loop contributions to H33 can be 



obtained using lim (Hzz)- These contributions arc listed 

g'^0 

below, separately from II^^ for scalar as well as fermion 
sectors in EW^ model. 
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1. One Loop Contributions to S SC aiar and T sca i ar 

In this subsection the one-loop contributions to S sca i ar 
and T sca i ar are listed. In every table the loop contribu- 
tions in EWvr model are listed first and then the corre- 
sponding contributions in SM are also listed. The one- 



loop diagrams, which contribute to S sca iar can be found 
in tables [VT} \VTU\ [IXJ [XI} |VlTJ [X] below. To calculate 
T S caiar, Iln contributions from scalar sector in EWvr 
model can be obtained from contributions to flyi/vF listed 
in tables |VI| |VIII| |IX| The scalar-loop diagrams con- 
tributing to n 33 are listed in tables [XlT} |XTVl \XJU\ 



TABLE VI: One-loop diagrams with two internal scalar (S) (Higgs or 
Goldstone boson) lines, which contribute to W + and Z self-energies. 

Common factor: 



16tt 2 



Contributions to Tlww{q 2 ) 

s, 

;-~\ 

W + \ S 3 ' W + 



Contributions to Hzz(q 2 ) 

s, 

z v Sj r^z^ 



Si Sj 



Si Sj 



Ht + Hi 



Hi 



Hi 



3B 22 (q ; rn R+ , m ff0 



2B 22 (q 2 - m 2 H++ , m\+) 



Hi H+ ^B 22 (q 2 - m 2 R+ , m* 



H+ Hi B 22 (q 2 ; m 2 H+ , m 2 H o) 



2c 2 H B 22 (q 2 ; m 2 H++ , m 2 H+ 



c 2 H B 22 (q 2 ; m 2 H +, m 2 HP ) 



„2 

C H D i 2 2 2 > 

— B 22 (q ; m H o, m H +, 



Hi + Hi 



Hi Hi 



Hi Hi 



H7 m 



4^B 22 (q 2 ; m 2 , m 2 ) 



C 2W 



2. ™2 2 



B 22 {q ; m H 



3 n 3 



#B22(q 2 ; m 2 , m% + ) 



B 22 (q ; m +, m 

5 3 



4 c 

^ -fB 22 {q 2 ; m 2 H „, m 2 



H 3 + fl? s^^^ 2 ; m 2 H+ , m 2 Hl ) 



Hi H°' -c 2 H B 22 (q 2 -m 2 H+ ,m 2 H ,] 



m m 



m Hf 



H D t 2 2 2 < 

-2-B 22 {q ; m H o, m Hli 



8 c 

= -§-B 22 (q 2 ; m 2 H o, m|, ) 

O Cti/ J 



Continued on next page... 
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TABLE VI - continued from previous page 



Si 


s 3 






Sj 




Gt 


Ht + 


2s 2 H B 22 (q 2 ; Ml, m 2 H + + ) 


Gt 


Ht 


*fB 22 (q 2 ; M 2 W , m 2 H+ ) 
c w 5 


G§ 


Hi 


s 2 H B 22 (q 2 ; M 2 , m 2 R +) 


G* 


H* 


"fB^q 2 ; Ml, m 2 R+ ) 
c w 5 


Gt 


Hi 


S -fB 22 (q 2 ; m%o) 


Gl 


H° 5 


\ fB 22 (q 2 ; Ml, m 2 ) 






r 2 R nn (n 2 - M 2 m 2 \ 

c H ti 22 (q , M w , m Hl ) 




u° 
tii 


H n nn (n 2 - M 2 m 2 \ 

-2-t> 22 {q , M z , m Hl ) 
c w 


Gt 


H { 1' 


| s 2 H B 22 (q 2 ; Ml, m 2 H ,) 


G'i 


Hf 


| ^fB 22 (q 2 ; Ml, <,) 


Gt 


G% 


B 22 (q 2 ; M^, M 2 Z ) 


Gt 


Gt 


^B 22 (q 2 ; Ml, Ml) 
c w 


Standard Model contributions 


H 


r+ 


B 22 (q 2 ; Ml, m 2 H ) 


H 


r ,o 


^B 22 (q 2 ; M 2 Z , m 2 H ) 
c w 


r+ 




B 22 (q 2 ; Ml, M 2 Z ) 


r+ 


r+ 


^B 22 (q 2 ; Ml, Ml) 
c w 
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TABLE VII: Tadpole diagrams with one internal scalar (S) (Higgs or 
Goldstone boson) line, which contribute to W + and Z self-energies. 

2 

Common factor: - - 





Contributions to Ylwwil ) 




Contributions to Tlzz(q 2 ) 




n 




Q 






Hi 


--A {m 2 H o) 


Hi 




Ht 






c4w+ 2 s4w A (m 2 H+ ) 
c w 5 


Ht + 


-A (m 2 ++ ) 


Hi + 


c w 5 


Hi 


-1(1 + c 2 H )A (m 2 H§ ) 


Hi 


-Z3-( 1 + 3c^)A (m2 ) 


Hi 


- 1 -{l + 2c 2 H )A {m 2 Ht ) 


Hi 


-f^(l + c 2 H )A {m 2 H+ ) 


m 


~A (m 2 Hl ) 


H° 


-J^-Mm 2 Hl ) 
<± c w 


Hf 


-\m™ 2 h[ ) 


Hf 


2 

-^2- A o{m 2 H ,) 


G° 3 




Gt 


-l(l + 3s 2 H )A (M 2 ) 


Gt 


- l -(l + 2s 2 H )A Q {M 2 v ) 


Gt 


- C ^{l + s 2 H )MM 2 w ) 


Standard Model contributions 


H 


-\M™ 2 h) 


H 




Continued on next page... 
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TABLE VII - continued from previous page 



Si 


Si 


G° SM -\a (M 2 z ) 
G + SM -\MM&) 


G° SM --r^-MMz) 
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TABLE VIII. One-loop diagrams with one internal scalar (S) (Higgs or Goldstone boson) line and one internal vector boson 

2 

line, which contribute to W + and Z self-energies. Common factor: *? 





Contributions to H ww (q 2 ) 




Contributions to Yl Z z(q 2 ) 






Hi 






Hi 






W+ Vj W+ 




Z 


Vj Z 


Si Vj 




V 




Hi 


W+ 


- S ^-M^B (q 2 ; Ml, m 2 H0 ) 


rrO 


Z 


-\ ^fM 2 B (q 2 ; M 2 Z , m 2 H0 ) 


m 


W+ 


-clM^Boiq 2 ; Ml, m 2 Hl ) 


m 


z 


-^MlB (q 2 ; Ml, m 2 Hl ) 
c w 




W+ 


-| s 2 H MlB (q 2 ; Ml, m 2 H{ ) 




z 


-| ^M 2 B (q 2 ; Ml, m 2 ) 


Hi 


z 


-^fMlBoiq 2 ; M 2 , m 2 R+ ) 
c w 5 




w~ 


~^MlB (q 2 ; Ml, m 2 H+ ) 
c w 5 




w~ 


-2s 2 H MlB (q 2 ; Ml, m 2 ++ ) 


Hs 


w + 


-^MlB (q 2 ; Ml, m 2 H+ ) 
c w 5 


Standard Model contributions 


H 


W+ 


-MlB (q 2 ; Ml, m%) 


H 


z 


-^B (q 2 ; Ml, m\) 
c w 




z 


-^MlB (q 2 ; M 2 Z , Ml) 
c w 




w~ 


-2 S ^fMlB {q 2 ; Ml, Ml) 
c w 




7 


-s 2 w MlB (q 2 ; 0, Ml) 


Gsm 


w + 


-2^MlB (q 2 ; Ml, Ml) 
c w 
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TABLE IX. One-loop diagrams with two internal scalar (S) (Higgs or Goldstone boson) lines, which contribute to photon (7) 

2 

self-energy and Z — 7 transition amplitude. Common factor: ® 







Contributions to n 77 (</ 2 ) 




Contributions to IIz 7 (g 2 ) 








St 














;'*\ 




















Z \ Sj P^P 




Si Sj 














±s 2 w B 22 (q 2 ; m 2 H+ , m 2 R+ ) 

5 5 


Hi 


Hi 


2 — c 2W B 22 (q 2 ; m 2 + 

Cw 5 




Ht + 


Hi + 


l6s 2 v B 22 (q 2 ; m H++> m H++) 


Hi + 


Hi + 


o Sw d / 2 2 2 \ 

8 c 2W B 22 (q ; m ++, m ++ ) 

CW 5 a S 


Ht 


Hi 


±s 2 w B 22 (q 2 ; m 2 H +, m^+) 


Hi 


Hi 


2 — C2w-B22(q 2 ; m 2 + 

Cw 3 








±s 2 w B 22 {q 2 ; M w , M w ) 


Gt 




2— c 2 w £22 (g 2 ; Mw, 


Mw) 


Standard Model contributions 


G~SM 


Gsm 


±s 2 w B 22 {q 2 ; M w , M w ) 


Gsm 


r+ 


2— c 2 w £22 (g 2 ; Mw, 
cw 


Mw) 
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TABLE X. Tadpole diagrams with one internal scalar (S) (Higgs or Goldstone boson) line, which contribute to photon (7) 

2 

self-energy and Z — 7 transition amplitude. Common factor: | 



Contributions to II 77 (g 2 ) 


Contributions to Yl z -y{q 2 ) 

\ 1 






St 




H+ -2s 2 w A (m 2 + ) 
"5 

H++ -8s 2 w A (m 2 ++ ) 

H+ -2s 2 w A (m 2 + ) 
"3 

G+ -2s 2 w A (M w ) 


H£ - — C2wA (m 2 +) 

C W H 5 

H+ + -A 2W A (m 2 H++ ) 

Cw H 5 

H% - — c 2 wA (m 2 + ) 

Cw 3 

Gj - S -^c 2W A (M w ) 

Cw 


Standard Model contributions 


G+ M -2s 2 w A (M w ) 


G + SM - — C2wAo(M w ) 
cw 
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TABLE XI. One-loop diagrams with one internal scalar (S) (Higgs or Goldstone boson) line and one internal vector boson line, 

2 

which contribute to photon (7) self-energy and Z — 7 transition amplitude. Common factor: | 2 



Contributions to n 77 (g 2 ) 
Si 


Contributions to Ilz-y(q 2 ) 
Si 


7 Vj 7 


Z Vj 7 


Si Vj 


S t Vj 


G+ W~ -s 2 w M w B {M 2 z ; M w , M w ) 
G3 W+ -s 2 w My,B {M 2 z - M w , My/) 


G+ W~ ^My,B (Mh My,, My,) 
Cw 

Gs W+ ^My,B {M%; My,, My,) 


Standard Model contributions 


G% M W~ -s 2 w My,B (Mh M^, My/) 

Gs M W+ SyyMyyBoiMl, My, , My,) 


G+ SM W~ ^My,B (M 2 z ; My,, My/) 
cw 

Gsm W+ ^M W B (M 2 ; M w , M 2 W ) 

Cw 
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TABLE XII. One-loop diagrams with two internal scalar (S) (Higgs or Goldstone boson) lines, which contribute to Il33(g 2 ) in 

2 

T. Common factor: 







Contributions to II 


33 (q 2 ) 




















Hi 


B 22 (q 2 ; m 2 H +, m 2 H +) 


H++ 


Hi + 


4B 22 (q 2 ; m 2 H ++, m ^++) 


#3 + 


Hi 


B 22 (q 2 ; m 2 +, m 2 + ) 
"3 "3 


H i 


Hi 


c 2 H B 22 {q 2 ; m 2 H +, m 2 R +) 




Hz 


c 2 H B 22 (q 2 ; m 2 +, m 2 + ) 
"5 "3 


h! 


Hi 


4 2 d 1 2 2 2 \ 

3 c H B 22 {q ; m H o, m H o) 


m 


m 


s 2 H B 2 2(q 2 ; m 2 H o, m 2 Hl ) 


h! 


Hi' 


8 2 d 1 2 2 2 \ 

- c H B22(q ; m H o, m H ,) 


Gt 


Hi 


s 2 H B 22 (q 2 ; Myy, m 2 +) 


G3 


H* 


s 2 H B 22 {q 2 ; Ml,, m 2 +) 

-"5 


G?i 


m 


\ s 2 H B 22 (q 2 ; Ml?, m 2 H0 ) 


G° 3 


Hi 


c 2 H B 22 (q 2 ; Ml?, m 2 Hl ) 




Hi' 


3 s 2 H B 22 {q 2 ; Ml,, m 2 H ,) 


Gt 


Gt 


B 22 (q 2 ; Mir, M 2 ,) 


Standard Model contributions 


H 




B 22 (q 2 ; Mh,m 2 H ) 


G~SM 


Gsm 


B 22 (q 2 ; Ml,, M 2 ,) 
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TABLE XIII. Tadpole diagrams with one internal scalar (S) (Higgs or Goldstone boson) line, which contribute to Ilsziq 2 ) in 

2 

T. Common factor: - - 





Contributions to II33 


(I 2 ) 




lim 9 /^ 

Z 


Si 

12 


Z 






m 


2 


Ht 


-A (m 2 +) 


Ht + 


-2A (m 2 ++ ) 




-\{\ + Zc 2 H )A (m 2 H ») 


Ht 


-i(l + «^)>lo(m^ + ) 


m 


-\Mm 2 Hl ) 


Hf 


-*A (m 2 H[ ) 


Gl 


-\(l + Zs 2 H )A (M 2 w ) 




+ s 2 H )A (M^) 






Standard Model contributions 


H 


-^A (m 2 H ) 




-\MMw) 
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TABLE XIV. One-loop diagrams with one internal scalar (S) (Higgs or Goldstone boson) line and one internal vector boson 

2 

line, which contribute to IT33(g 2 ) in T. Common factor: 2 







Contributions to ri33(<? 2 ) 












lim 9 /^ 


Si 


V 

\ 












Z 




z 








Si 






St 










m 


Z 


-\ s 2 H M^B (q 2 ; M^, m% ) 


m 


z 


-c 2 H MlrB (q 2 ; 


M^r, 


m 2 Hl ) 




z 


g 

~3 s 2 H M^B {q 2 ; Mw, m 2 H[ ) 


Hi 


w~ 


-s 2 H MlrB (q 2 ; 


Ml, 






W+ 


-s 2 H M^B (q 2 ; m 2 +) 












Standard Model contributions 


H 


z 


-M^B (q 2 ; Mir, m%) 
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Using tables [Vl} [VlT} |VTTT1 |lXj |Xj |Xl] above and eqn. in eqn. ((MJ) 



(26) the new Physics contribution, S sca i ar is given by (as 



C _ qEWVR _ Q. 

^scalar — >-> scalar °t 



iSM 
scalar 



I I 4 2 



M|tt1 3 

- M 2 v B (M 2 ;M 2 ,m 2 H +) 



B 22 (M 2 ; M 2 ,m 2 H o) - Mf B (M 2 ; Mf , m 2 H o) ] + 2 s 2 H [ B 22 (M 2 ; Mf , m%+) 



B 22 (M 2 ; Mf , m^, ) - Mf B (Af| ; M| , rn 2 H , ] 



-2c% 



c 2 H [ B 22 {M 2 -M 2 ,m 2 Hi ) - Mf B (Mf; Mf , m 2 Hi ) ] 

\c\ B 22 {M z -m 2 H o 7 m 2 H „) 

g 

B 22 (Mf ; m 2 H + , m 2 H + ) + s 2 H B 22 (Mf ; m 2 H o , m 2 ^ ) + - c 2 H B 22 (Mf ; m 2 H o , m^, ) 
- B 22 (Mf ; , m 2 H + ) - B 22 (Mf ; , ) 



4 B 22 (M z ;m 2 H + + ,m 2 H ++) 



- [B 22 {M 2 -M 2 ,m 2 H ) - Mf B (Mf ;Mf ,m 2 H )] 



(D2) 



Although it is not apparent from eqn. ( D2 ) (and 
eqn. (31)), S SC aiar decreases with increasing mass- 



splitting within a SU{2)u scalar multiplet and between 
two SU(2)o scalar singlets of EW^r model. For large 
enough splitting(s) it becomes negative, which is desired 
to compensate the large positive contribution from mir- 



r 



ror fermions (refer to section IV ) 
To obtain T SC aiar 



the contributions to IIn in eqn. (27) 



are obtained from the n^/iv contributions in tables |VI| 



VII VIII IX DO XI and using eqn. (Dl). The cor- 



responding Tizz contributions are obtained using eqn. 



(Dl) and tables XII XIII XIV Thus, we get 



rp _ rpEV/VR _ rpSM 

-L scalar — 1 scalar 1 scalar 



All S 2 M 2 



2 B 22 (0; m 2 H ++ ; m 2 H + ) + 3 B 22 (0; m 2 H+ ; m 2 H o ) + B 22 (0; m 2 H + ; m 2 H o ) + c 2 H 2 B 22 (0; m 2 H++ ; m 2 H + ) 



+ B 22 (0;m 2 H+ ;m 2 H o) + - B 22 (0;m 2 H+ ;m 2 H o) + - B 22 (0;m 2 H+ ;m 2 H ,) - - B 22 (0-m 2 H o;rn 2 H ,) 

5 3 q 3 5 o 3 1 O 3 1 

+ s 2 H [2 B 22 {0;M^;m 2 H ++) - B 22 (0; M 2 v ;m 2 H +) - B 22 {0; M^; m%o) + B 22 (0;m 2 H +;m 2 Hl ) - B 22 (0; m 2 H o ; rr. 
+ Ally (b (0; M 2 ,, m 2 H o) + B o {0; M^, m 2 +) - 2 B Q (0; M 2 ,, m 2 +)) 

+ A (m 2 H ++)- i ^ (m^)- ^ A (to^o)- - 4)a (to^+) + i 4>("4 g ) - + | 

(D3) 



37 



Hence, using eqn. (All I, 

^scalar 



1 1 



iTTS 2 w M^ 



2 2 2 2 

+ "f" ^("^ + . m H« ) + J7 ( m lrg ' m H+ ) ~ ~2' :F ^ m H+ ' m «+ ) ~ -f^im^o , m 2 H o ) 



4 

,2 

2 



J"(m^+ , ) - T(m 2 H o , ) 



H 



T{m 2 H+ , m#, ) - T(m 2 H o , m 2 H , ) 



2 2 



M^s 2 H B (Q; M'w, m z H o) + M^s z H B o (0; M'w, m z H+ ) - M^s z H B Q {Q] M^, m z H++ ) }>, 



r2 „2 



2 „2 



(D4) 



r 



as given in eqn. ( 39 ) . It should be noted that divergences 
on RHS of eqns. (D2), (D4| cancel giving hnite S sca i ar 
and T sca i ar respectively. 



2. One Loop Contributions to Sf 



and T 



f ermion 



The new Physics contributions, Sf erm i on and Tf ermion , 
due to fermion sector in EWi/jj model can be calculated 
by adding the respective contributions due to the lepton- 
and quark-sectors in EWz/r model that is, 

S f ermion ^lepton ~t~ ^quark (-^5) 
ermion — ^lepton ~t~ T^quark (^^) 

In this subsection the one-loop contributions to Sjermion 



XV 


XVI 


XVII 


XIX 



and Tf ermion are listed in tables 
In each of these tables only the loop contributions due 
to the mirror fermions in EWj'r model are listed. The 
same expressions for the loop contributions can be used 
to calculate the lepton loop diagrams and the quark loop 
diagrams. The fermion loop contributions in SM can be 
obtained from the mirror fermion loop having fermions 
with the opposite chirality going in the loop. Consider, 
for example, the mirror-up-quark-loop diagrams in FIG. 



14 and SM-up-quark-loop diagrams in FIG. [15} The 



contribution due to the loop diagram in FIG. 15(a) (with 
two left-handed SM up quarks in the loop) has similar 
form of expression as the loop diagram in FIG. 14(a)| with 
two right-handed mirror-up-quarks in the loop. Also, 
if the SM up quark loop diagram has mass-insertion 
propagators as in FIG. |15(b)| then it has similar form 
of expression as the loop diagram with mass-insertion 



propagators of mirror up quarks, FIG. |14(b)| when the 
left-handed-up-quarks-side of the loop is replaced by the 
right-handed-mirror-up-quark side of the loop and vice 
versa. The same correspondence exists between other 
one loop diagrams involving mirror fermions listed in ta- 
bles [XVj pCVH prvn] pOX] and the diagrams involving 
SM fermions. Therefore, we have not listed separately 
the SM fermion loop diagrams in this paper. 

The definitions of the loop functions used in these ta- 
bles are given in Appendix [X] Using these loop diagrams 
and the definitions of S, T in eqns. (26 1, (27), we ob- 
tain the new Physics contributions, Si ep t on , Ti ept0 n 



and 



S quark j ^quark- 



We also use Qf = 



Thus, for 



Siepton we get (as given in eqn. (42)): 



C _qEWv R _ qSM 

Olepton —°lepton D lepton 



{N C )lept o 

Gtt 



^ \ 2 Yi e pi on Xi/i 

i=l I 



3 Y[ 
2 



lepton \ Yl e pt Oil 



G(x e i) 



38 



,M 




z 



U R 



— (T3 — s^Q u m) 2 



(a) 



,q 2 ml, 



6 2 



)A-g B 2 (q ; m u M, m nM )+m uM B 1 (q ; m m, m uM ) 



,M 



,M 



,M 



Or 



-T^fTs " -SvkQu")swQ u m [A-2_Bi(g 2 ; m^ M , m 2 A 




Z 



II L 



UR 



UL 



(b) 



FIG. 14. EWi/fl model mirror fermion loop examples 



~2~ {T3 ~ s wQu) 2 



2 2 

5 m u \ a 2n ( 2 2 2 \ , 2 D / 2 2 2 > 

(— — )A - q B 2 (q ; m u , m u ) + m n Bi(g ; m UJ m Uy 



(a) 



-m 2 u {TS - s^Q„)s^Q u [A - 2B 1 (q 2 ; m 2 , m 2 )] 



(b) 



FIG. 15. Standard Model fermion loop examples 



For Ti ep t on we obtain, 

-I lepton — 1 lepton 1 lepton 
lepton 

Atts 2 w M^ X 



E 

i=i 



The contributions to 5^ and to from three 

SM lepton generations are exactly cancelled by Sf^ 1 ^ 
and T[Spf on respectively. Hence, the summations over 
index i in two equations above (same as eqns. (42 1, 



( 43 1 ) are carried over three mirror- lepton generations 



only. Similar cancellations occur also during calculations 



i(-Bi(0; rn%,m 2 ei ) - ^(Ojm^m^)) 



Hence, as given in eqn. (43): 
T, 



lepton 



(Nc)lept Ol 
87^2 2 

iy i=1 



(D7) 



(D8) 
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TABLE XV. Fermion loop diagrams with two internal mirror fermion lines, which contribute to Hww(q 2 )- Here /ijj's and 



fail's are members of a mirror fermion doublet with isospins (T 1 /) equal to - and respectively. Common factor: 



16vr 2 



Contributions to Hww{l 2 ) 




of S qU ark and Tquark- Thus, as given in eqn. (46 1 



q _qEWv R _ nSM 

tquark — tquark tquark 



(Nc) 



quark 



()7T 



... I .Yq Uar k „\ v , I Xui 

2 ! -4 \-ojx di — Yquark ITl I — 



3 \ Yquark 

~ i 1 quark I x iti i ~ 



3 \ Yquark 

2 * quark I ^ 



G(x u i) 



G{Xdi) 



only. All the notations have the same meanings as defined 



As in in section 



IV A 



for eqns. (|42|), ( |43[ ) , (|46[) , (47 1 in section III earlier. 

both Siepton and S , gllQrfc favor 



positive values more than the negative values, although 



this trend is not apparent in eqns. (42), (46 1. It can be 
seen in eqns. (43) and (47) that both Ti epton and T qua rk 
are always positive. Also contribution to these quantities 
from any mirror lepton and mirror quark generation (re- 
spectively) increases with the mass splitting within the 
doublet of the mirror generation. These behaviors are ex- 
pected in EWi/jj model so that the total S and T satisfy 
the experimental constraints given in section [IV A| 



and 

Tquark 



quark tquark 



{Nc) quark 

4irs 2 w M^ 



E 



(Bi(0; m di ,m di ) - 5i(0; m 2 dl ,m 2 m ) 



(Nc)quark 
OTTh w C w j=1 



as also given in eqn. (47). Here the summations over 



index i are carried over three mirror-quark generations 
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TABLE XVI. Fermion loop diagrams with two internal mirror fermion lines, which contribute to Tlzz{q 2 )- Common factor: 

9 2 N C 

16tt 2 



Contributions to Hzz{q 2 ) 



fM 
JR 




fM 
JL 



-q 2 B 2 (q 2 ; m 2 , m 2 ) + m 2 B 1 (q 2 ; mj, m 2 ) 



fM fM 
JR JL 
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TABLE XVII. Fermion loop diagrams with two internal mirror fermion lines, which contribute to Tlzj(q 2 )- Common factor: 

9 2 N C 

16tt 2 



Contributions to Hzj{q 2 ) 



fM 
JR 




fM 
JR 



-q 2 B 2 (q 2 ; m 2 , m 2 ) + m 2 B 1 (q 2 ; mj, m 2 ) 



Jl 




fM 
JL 



-q 2 B 2 {q 2 ; m), m 2 f ) + m 2 B 1 (q 2 ; m), m)) 



fM fM 

jr Jl 
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TABLE XVIII. Fermion loop diagrams with two internal mirror fermion lines, which contribute to il 77 (q 2 ). Common factor: 

9 2 N C 

16tt 2 



Contributions to iT 77 (g 2 ) 



fM 
JR 




fM 
JR 



-q 2 B 2 (q 2 ; m 2 , m 2 ) + m 2 B 1 (q 2 ; mj, m 2 ) 



fM 
JL 




fM 
J L 



-q 2 B 2 {q 2 ; m 2 , m 2 ) + m 2 B 1 (q 2 ; m 2 , m 2 ) 



fM fM 
JR JL 
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TABLE XIX. Fermion loop diagrams with two internal mirror fermion lines, which contribute to Ii33(g 2 ). Common factor: 

9 2 N C 

16tt 2 



Contributions to I\-33{q 2 ) 



fM 
JR 




-q 2 B 2 (q 2 ; m 2 , m 2 ) + m 2 B 1 (q 2 ; mj, m 2 ) 
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